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The effects of various discharge tube parameters on the 
center frequency of the Doppler-broadened (3S2 - 2p4) 6328 Ang. 
lasing transition in  Ne2’ and Ne22 have been measured, Frequency 
shifts fram 1% t o  23 MHz./torr weremeasured in  the discharges 
depending on the canbination of helium and..neon isotopes used. The 
sh i f t  of the peak frequency with discharge tube current was %measur- 
able ( c  L MHz./lO ma.)e In addition, it has been found that the peak 
frequency is dependent on the relative position of the tube axis 
with respect t o  the cavity axis, the variation for. small bore tubes 
being of the order of 20 MHz./O.l m. Finally, an analysis is made 
of the possible causes for the pressureifiequency shifts,  the result 
being that they may be attributed t o  collisions between the excited 
neon atms (3S2 level) and ground state helium atoms. 
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I. INTRODUCTION 
As is well known, the laser is a device which generates 
optical frequency radiation with properties very s l m i l w  t o  that 
generated by lower frequency microwave oscillators. That is, the 
radiation is generally single f’requency and, more importantly, 
coherent. It is found, however, that although the bandwidth of the 
laser radiation is very narrcrw (an experimentally measured value of 
20 Hz. has been reported [ 11 ) , the frequency range over which the 
laser can operate is generally quite wide. 
for example, it is determined by the Doppler broadening of the atomic 
transition responsible for the laser action and is of the order of 
1.5 x lo9 Hz. for  the 6328 Ang. line. If sane way can be found t o  
In  the helium-neon laser 
control and easily reproduce the operational frequency of the laser, 
the device w i l l  find wide application i n  the fields of comunications, 
metrology and high resolution spectroscopy* 
Several laser frequency control schemes have been devised 
which u t i l i ze  as a reference the center o f t h e  atomic resonance 
curve of the lasing transition. It is w e l l  known, M~EQVCP, that 
various discharge tub&.parameters such as gas pressure and current 
may alter the frequency of the peak of the gain curve [ 2,3] ; thus, 
t he  reproducibility and s t a b i l i t y  of the frequency of th i s  type of 
controlled laser ultimately depends on the discharge tube parameters 
which may affect the gain curve. This paper, then, is a report on an 
experimental study of the effects of these various discharge tube 
1 
2 
parameters on the peak of the 6328 Ang. lasing transition i n  neon. 
11. THE STAE3ILI"Y OF TNE GAS LASER 
2.1 General characteristics 
Before describing the details of t h i s  investigation, it is 
perhaps appropriate t o  review briefly a few of the more important 
frequency characteristics of lasers which pertain t o  t h i s  discussion. 
The operational fkequency of a laser is determined by the f'requency 
of the two closely coupled oscillators which make up the devlce:(l) 
the Fabry-Perot etalon, a multimode resonant cavity supplying feed- 
back and @). the system of a t d c  oscillators supplying the gain 
necessary for laser action. 
The Fabry-Perot etalon is generally composed of a pair  of 
mirrors, the surfaces being either plane or spherical and coated 
with multilayer dielectric films for u l t r a  high reflectance (>99%). 
Consider a cavity composed of a spherical mirror (with radius of 
curvature R) and a flat mirror separated by a distance L 
shown i n  Fig. 2.1. 
R as 
Fig. 2 e 1. Plano-concave etalon 
3 
4 
The resonance coldition of‘ t h i s  cavity for  radiation of wavelength X 
is given by [ 
2L - 1 -1 2L --q+x ( l + r + s ) c o s  ( l - +  A 
q being the longitudinal, and r and s the transverse mode numbers. 
Normally the laser is made t o  operate in the lowest order transverse 
mode so that r = s = 0. 
equation 2.1 has a maximum value of one whereas q = 2L/X = lo6; thus 
the former may be neglected. 
resonance condition are then 
The resulting second term on the right of 
The values of X satisfying the cavity 
X = 2L/q; 
in terms of the f’requency vc this becaws 
(2.2) v = qc/2L. C 
It must be remembered that L here is the value of the optical path 
length in  the cavity; it is related t o  the geometrical path length 
L’ by Lq = L/n where n is the index of ref’raction of the medium 
between the mimors. 
!The frequency difference Av separating two adjacent modes 
q 
is found directly f’ran equation 2.2 and is given by 
For a $ypical one meter mirror separation, Av is about 150 MHz. 
The introduction of an active medium i n  the cavity t o  provide gain 
9 
5 
for  
the 
the laser introduces w i o u s  &e pulling effects and changes 
value of Av samewhat, but these are second order and may be 
q 
neglected i n  the present analysis. 
Consfder now the system of atanic oscillators; the fbll 
width at half maxinaun intensity of the resonance curve is determined 
by Doppler broadening and is given by 
where vo is the frequency of the atomic l ine center, M is the mss of 
the atom involved, k is BsLbzman'~ constant, T is the temperature, 
and c is the velocity of lfght, For the 6328 AyI@;. l ine this is 
about 1.5 x 10 Hz. If it is assumed that the gain of the laser is 
greater than the loss over this band of frequencies (an eas i ly  
obtainable experhental situation) a laser with a one meter cavity 
9 
will oscil late i n  at least ten distinct axial  modes. 
depicted in Fig. 2.2. 
This is 
Generally it is desired t o  operate the laser i n  a single 
mode. !his may be accomplished by specialmfrros configurations [ 5 ]  
or by decreasing the length of the laser cavity un t i l  Av of 
equation 2.3 is greater than the width of the atanic resonance over 
which the gab exceeds the loss as i l lustrated i n  Fig. 2.3. The 
9 
length of such a short cavity is typically of the order of 10 t o  
6 
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15 cm. Although this type of laser does operate i n  only one mode, 
the actual value of the frequency will vary with the mirror sepa- 
ration in accordance with equation 2.2. The range of frequencies 
over which the output wil l  vary is found t o  be roughly equivalent t o  
the Doppler width or  about 1.5 x 10 9 Hz. 
Various methods can now be used t o  stabil ize the free 
xvnning laser so that the frequency is limited t o  essentially a 
single value. Generally they consist of three classes of systems. 
Two of them, one based on two beam interfemrmetry 16,7,81 and 
another based on high Q resonant optical cavities [ 91, essentially 
depend on maintaining a.f"ixed optical path length i n  sane medium and 
using it as a reference, The thid class uses the center of the 
atanic resonance as .a reference 10 - 141 
bilities of" the first two types are well documented i n  the cited 
literature, 
rigorously treated arid expressions have been? derived for the sta- 
bilities to  be expected [11] - all  based on a stationapy atcanfc 
resonance curve, In  order t o  obtafn a true measure of the s t a b i l i t y  
of th i s  type frequency controlled laser, the var iab i l i ty  of the gain 
curve peak frequency must be considered. 
The assets and lia- 
Concerning the third class, the systems have been 
2,2 S t a b i l i t y  Criteria 
The concept of s t a b i l i t y  has been encountered above; it is 
in  order at t h i s  point t o  specify w h a t  is meant by it and t o  indi- 
cate w h a t  the f'undmental limitations are on the s t a b i l i t y  of the gas 
9 
laser. Wequency s t a b i l i t y  may be defined by 
where v is the average f’requency of operation of the laser and 
Av (T) is the fluctuation i n  frequency over sane period of time T 
Two types of s tabi l i ty  are camonly encountered i n  the description 
of laser operation: the short and the long term stabil i ty,  the lat- 
ter being applicable if  the time is greater than the l i m i t  of the 
t h e  resolution of the detection system used [151. 
The ultimate limit t o  the short term fkequency s tabi l i ty  
is determined by spontaneous emission into the oscillating mode of 
the laser which produces irreducible fluctuations i n  the laser 
frequency; it is given by [ 16, 171 
Av = 2mhv Avc 2 /P 
where P is the output power of the laser, h is Planck’s 
and Avc is the fWl width at half maximum of the cavity 
constant, 
resonance. 
Typically Av is about lo-* IIZ. for output powers of about one m i l l i -  
watt. The long term frequency s tabi l i ty  of a free running laser is 
primarily determined by the s t a b i l i t y  of the Fabry-Perot resonator. 
FOP perturbations affecting the cavity length, the fPequency sta- 
b f l l t y  is found fkm equations 2.2 and 2.4 to be 
sv = L/AL. 
10 
The mirrors are separated by spacer rods whose length will vary as a 
result of thermal excitation of the lowest frequency stretching modes 
f-r the material. This produces a Practional change i n  length geven 
by I11 
where V is the spacer rod volume arrd Y their Young's modulus. 
Considering a 15 cm. long cavity with spacer rods of steel of t o t a l  
2 cross sectional area 20 cm,, the frequency fluctuation is about 5 Hz. 
producing a resultant frequency s tabi l i ty  of about 10 
probably represents the ftmdamental limitation on the stabil i ty of' 
the gas laser. Comparing t h i s  with what has been achieved in prac- 
t ice,  lasers stabilized on the center of the gain curve have 
achieved stabilities approaching 10" for periods of several 
hours 1121 
2 3  Causes of 3mtabflfP;y in the gas laser 
14 This 
In  treating the causes of instabilities i n  a gas laser, 
we must careftally distinguish between those t o  which the free run- 
nfn?g and the frequency stabilized laser %re principally subject. 
stabilized laser is, of course, @fected by the same type of 
perturbations as the free mnrrLng devfce; i n  fact ,  it is the purpose 
of the stabil izer un3t t o  compensate far these and allow the laser 
t o  generate a discrete frequency. I n  addition, since the stabil izer 
units considered here u t i l i ze  the peak of the atomic gain curve as a 
The 
reference, any m i a t i o n  i n  the frequency of the peak manifests 
itself as an Sinstail i ty i n  the frequency controlled laser signal. 
The treatment of the peak frequency variation w i l l  be deferred t o  a 
later chapter, 
The remaining causes of i n s t a b i l i t y  are primarily a 
result of modifications in the cavfty resonance brought about by 
variations of the optical path length between the two mirrors. 
may be conveniently divided into the following categories: 
They 
A. Effects internal t o  the discharge tube 
1) Fluctuations %n electronic refkactivity 
2) Fluctuations i n  atomfc refractivity associated 
wfth the laser transition. 
Be Effects external t o  the discharge tube 
1) Motion of the mimrs. 
2) Changes i n  the refractive index of the air 
(for external mirror lasers) 
O f  those effects internal t o  'the dischwge tube, variations in the 
electron density w i l l  have a negPQibEe effect on the i d e x  of re- 
pact ion &thin the tube [9j9 Frequency vmia'tions due t o  
fluctuatfons i n  repac t ive  index of the inverted populations are not 
usually observed unless the discharge is noisy; at l ine center, 
where the susceptibility vanishes, they have a negligible effect on 
the cavity resonance I[ 131 
The prfncipal factom affecting the free running laser 
s t a b i l i t y ,  then, are foul?d outaide of the tube. Generally, acoustic 
12 
and building vibrations coupled intosthe supportbg structures of 
the mirrors are responsible for  the* vibration,. The magnitude of 
the problem is evident. from the fact that: a 3 Ang. change in mirror 
spacing of a 15 me long 6328 Ang. 1awz--prodnces.-a7 frequency shift 
of 1 MHz. The effects of' vibration are,usually-dtigated by careful 
selection of the laser e n M m e & ,  i.e.,..sgecial.platforms i n  
isolated roans 
Changes in. temperature, pressure.. and. humidity are re- 
sponsible for  most of the long term drff t  in the cavity resonance; 
the temperature c a s e s  material expansion resulting i n  a change in 
mirror separation, all three change the refractive index of the ab. 
The effect of a change in temperature:of the .spacers between the 
m i r r o r s  is gfven by 
where cc is the coefficienb of expansion. of the -spacer .material. For 
a spacer of quartz, Av = 250 MHz./'C; for  one of iron Av = 5000 
MHz./'C. 
given by 1151 t o  be: 
The effect of refkactive Index, changes: on the frequency is 
where the 6's are the logarithmic change,of t h e . M e x  of refraction 
with respect to,  temperature, I pressum:and-,hmn&d9tyi. Specifically 
they can be evaluated t o  be: 
1 d n  = = - 9.3 10-7 PC 
- 1 d n  - -- = 3.6 x / torr  
8P n dP 
for T = 2OoC, p = 760 torr ,  h = 8,5 torr-watervapor pressure and 
= 6328 Ang. 
We have seen f’rmthe above account.that the laser 
frequency is primarily detemlned by the laser cavity mirror sepa- 
ration, or, more precisely, by the optical path length between the 
two mirrors. 
f’requency have also been noted and these.amp3y justif‘y the need for  
a laser frequency control system. 
ference the peak f’requency of 
determine the laser f’requency, 
itself is not unique but is subjee 
parameters- 
determlne under w h a t ’  cbcm!nstmces- and:-.txx what: extent the peak 
Various disturbmces.and their  effect on the laser 
a system,. us% as a re- 
, .does not 
errtafi-. d l s c m e  t 
It is the:.object of ther.present-.work, then, t o  
mquency does shirt.: The followrEng:chapl-mpis a detailed 
description of the apparatus >used‘ to! conduct. tMseUvestlgation, 
111, DESCRImION OF l3XlTRWmAL APPARATUS 
3.1 Experimental Method 
Basically the experiment repofled herein consists of the 
solution of two problems: (1) Operation of the laser i n  a mode 
corresponding t o  the center frequency of the 6328 transition i n  
neon and (2) measuring the shfft i n  center frequency as various dls- 
charge tube parameters are changed. 
A s  pointed out earlier, many schemes have been advanced 
for  the operation of a laser at the center of the gain curve. The 
one used here is an adaptation of a version originally proposed by 
Rowley and Wilson [ 101 ., 
the aid of Fig. 3.lwhich shows the idealfzed laser intensity as a 
function of frequency. 
quency modulate the laser giving rise t o  an anplitude modulation. 
Perturbation at a frequency w around point a i n  the diagram amplitude 
modulates the laser beam intensity at w wfth a phase relationship as 
shown (increasing the laser f’requency increases the output power). 
Perturbation around point b again gives rise t o  the same frequency; 
row, however, the phase relationship between the two slgnals differs 
by 
the output power). With perturbation around c, the furdamental 
Its operation can easily be described with 
Perturbation of the cavity length w i l l  fre- 
frm that at point a (increasirg the  laser freqyency decreases 
15 
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frequency vanishes f’rm the beam and essentially only the second 
harmonic remains. 
is oscillating relatfve t o  the center of the a t d c  transition with 
the aid of a phase sensitive detector. 
% 
It is thus possible t o  determine where the laser 
Actually, a power dip (the Lamb dip [ 191 ) rather than a 
maxhtm is found as the laser is tuned through the peak frequency, 
and it is t h i s  minfrnrm which is used as a reference. It arPses be- 
cause of saturation effects k t h e  laser; the position is coincident 
with lfne center and the exact shape is related t o  the radiative 
lifetimes of the levels and details of the collision mechanisms 
involved [20] .  
lower pressures and deeper at  hfgher output powers. The Lamb dip is 
clearly i l lustrated i n  the oscillograph of Fig. 3.2 which presents, 
i n  the lower trace, the amplitude vs, frequency characteristic of the 
laser. The $mall oscillation on the right peak is a result of 
ringing i n  the piezo-electric crystal used t o  drive the mfrror (see 
below) and is not characteristic of the gain curve. 
P 
I 
It has the general properties of being narrower at 
Since no frequency standard exists i n  the visible portion 
of the  electramagnetic spectrum, it is impossible t o  masure the 
absolute laser frequency. The most information that can be obtained 
is the relative f’requency difference between the laser and some 
DI 
A mathennatical derivation of th i s  may be found i n  Appendix A. 
Fig., 3.2. Lower trace is the amplitude versus 
frequency characteristic f o r  the He3-Ne20 laser 
showing the power dip at the peak of'the gain 
curve. The cavity length was 37 em. The upper 
trace represents the voltage applied t o  the 
piezc-electric ceramic; amplitude: 100 v./cm. 
18 
arbi t rary reference. 
stabilized on the bottom of the Iamb dip was used as a reference, the 
difference i n  frequency being determined by optical heterodyne 
techniques e 
In t h i s  experiment a laser similar ly  
A schematic diagram of the experiment ts shown In Fig. 3.3. 
The amplitude modulated laser beam is detected by the frequency con- 
t r o l  phototube an3 sent t o  the frequency control unft; here an error 
signal is generated allowing the laser frequency t o  be positioned at 
the atom9c lfne center. 
laser beams are superimposed by means of the m i r r o r  and beam splitter 
A t  the other end of the cavity the two 
and passed on t o  the phototube where the heterodyne signal  is 
detected., 
both lasers are centered on their respective gain curves and their  
difference frequency observed on the spectrum analyzer. 
As various parameters of the signal laser are changed, 
3.2 Laser Peak Frequency Sensing Device 
i! 
A block diagram of the syst& used to  sense the peak i n  
the laser gain curve is shown i n  Fig. 3.4. 
is used t o  perturb the laser frequency resulting i n  an amplitude 
modulated output from the laser, 
mltiplier tube whose output is fed into a 5 MIz. amplifier wfth 
60 db. voltage gah and a b 
A 5 kHz. audio frequency 
The s-1 is detected by a photo- 
dth of 500 Hz. This signal is then 
B 
referred t o  as the peak frequency. 
Henceforth, the frequency at the bottom of the Lamb dip w i l l  be 
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ccRnbfned with the oscillator 
The signal generated here is 
signal i n  a phase sensftiye 
fed into a suitable readout 
detector . 
device 
which then enables the operator t o  m u s t  the cavity length and 
position the laser frequency on l ine center, Alternatively, th i s  
can be done autclmatically by sending the error signal generated by 
the phase detector directly t o  the cavity length control. 
st 
A piezo-electric ceramic device attached t o  one of the 
mirrors serves t o  physically control the laser frequency. A small 
sinusoidal voltage applied t o  the ceramic perturbs the cavity 
length while a doc. bias voltage is used t o  control the absolute 
lemh of the cavity. 
increases with frequency (neglecting resonances) and is about 
500 volts/micron at 5 kHz. 
The voltage required t o  lengthen the crystal 
A useful error signal could be extracted frmthe laser 
at perturbation frequencies w e l l  beyond 50 WIz. despite the large 
size of the quartz mirror (3/8 inch i n  diameter x 318 in,  thick) 
attached t o  the ceramic. Ult imately,  5 kHz. was selected for  use 
because of the lower voltages needed t o  drive the ceramfc at t h i s  
frequency. Also, i n  some bands of frequencies above 10 kHz., the 
laser frequency was found'lto anmalously jump across certaln regions 
A 
Obtained from the Clevite Corporation, Cleveland, Ohio. It is 4 
inch thick ~IXI 4 inch i n  diameter with a 1/8 inch hole through the 
center t o  permit passage of the laser beam It is constructed of a 
series of 10 disks of PZT-5A ceramic separated by m e t a l  electrodes; 
this construction allows the use of relatfvely low voltages t o  
obtain the necessary mirror movement. 
22 
of the gain curve. Wder these eonditkons,. the perturbation of the 
laser amplitude could no longer be simply related..to the fkequency 
perturbation as expected. by:.the, desorription- of section 3.1. 
The amplitude ,of- the ~ voltage appTied.. to. the crystal and 
hence the amplitude of the ; ~ ~ t t e n s ~ t y - . p e ~ ~ b a t ~ o ~ ' -  of. the laser was 
dictated by the need .to..ovemane ..the ,noise. generated i n  the laser 
discharge tube, This noise is strongly dependent on the discharge 
tube current, gas pressure and canposition, That th i s ,  and not the 
noise i n  the phototube, is the principal source of noise fn the 
system may be shown b y a  canparison of the calculated shot noise 
current with the noise current actually measured. The noise current 
generated i n  the phototube is given by1211 
- 
2 2 in = 2~ e P W h v  
where r\ is the quantum effklency, e the.electron charge, P the 
laser power, bf the detection flrequency bandpass, and hv the quantum 
energy. 
milliwatt and a' band pass of 500 Hz., 
Asstnning a quantum efficiency .of- .@I;- a laser power of one 
This is t o  be c q a r e d  Mth  
The possibility exfsts that theno&e.is  induced by 
environmental disturbances such as.acoustdc and-buildfng vibrations. 
23 
This hypothesis was tested by monitoring the outputs of two closely 
coupled lasers which would be identically affected by vibrations 
(see section 3.5 below) e Fig 3 e 5  shows two representative oscfllo- 
graphs (taken at different sweep speeds) c q a r i n g  the output 
fluctuations of the two beams; clearly same correlation would exist 
between the  two traces on each oscillogram should the disturbance be 
c m o n  t o  both lasers. No such correlation appears t o  exist. 
The mininaun perturbation amplitude applied t o  the laser 
which would yield an adequate and unambfguous output from the phase 
sensitive detector corresponds t o  about a 1 MHz. modulation of the 
laser frequency. For a 15 cm. cavity, t h i s  is equivalent t o  a 
change i n  length of 3 &. or  a peak t o  peak voltage on the piezo- 
electric ceramfc of 150 mv. Obviously, the amplitude of the in- 
tensity modulation depends on the frequency position beneath the 
gain curve, 
3.3 Vacuum and gas handling system 
The vacuum and gas handling system is composed entirely 
of glass. 
nitrogen cold trap and a Varian Associates 8 l./sec. Vac-Ion pump. 
It ut i l izes  a conventional forepump coupled with a lfquid 
'This canbination permitted the evacuation of the system i n  excess of 
torr. A consolidated Vacuum System McLeod gauge was used t o  
measure all gas pressures with measurements reproducible t o  within 
9 .02 torr .  A Piran i  gauge was also incorporated i n  the system t o  
allow imnediate, but approximate, pressure measurements. 
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Horizorital sweep : 2 mec ./em. 
Horizontal sweep : 5 mec s / c ~ ~  
Fig. 3.5. Oscillographs comparing 5 MIz. noise generated 
by two closely coupled lasers. Upper trace represeRts 
laser #1; lower trace, laser #2. 
To produce the necessary pressure changes the laser tube 
w a s  filled t o  its maximum operating pressure and then exhausted i n  
dfscrete steps, a frequency measurement being taken at each step. 
To decrease the pressure, a glass stopcock between the McLecd gauge 
and the vacuum system was rotated quickly fn its seat allowing a 
small volume of gas t o  escape f’rom the McLeod gauge; a valve between 
the laser and the gauge %as then opened aPlot3.ing--the pressure “to 
equalize between the two. 
precautionary measure t o  help prevent a mixture change due t o  a 
c 
This roundabout method was followed as a 
difference i n  diff’usion rates between the two constituent gases. 
3*4 Enviroment 
The need for  adequate isolation of the lasers from 
environmental disturbances has been previously demonstrated. 
Isolation of the laser f’rom the effects of building vibrations was 
achleved with the construction of a special structure i n  a g~ourd 
floor laboratory. 
wood and “rubberized hairttt on top of which was placed an iron 
surface plate estfrnated t o  wefgh 3000 pounds. 
It consisted of“ three alternating layers of ply- 
Six inflated 
excessively noisy at pressures between 3% and 5 to r r  depending on the 
He-Ne par t ia l  pressure ratio; the higher the helium p a r t i a l  pressure, 
the higher the pressure could be rased before the onset of noise. 
The pressure ratios used extended flrmn 5:l t o  11:1, He-Ne. 
t 
Cleveland, Ohio. 
Packing material available from Jenkins Paper and Box Co,, 
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autanobile inner tubes were placed on top of th i s  followed by a 
stack of approximately two feet of plywocd sheeting. 
placed another iron surface plate estimated t o  weigh 1000 pounds. 
The entfre vacuum system, except for the fore pump, as w e l l  as the 
lasers was attached t o  the top of this table, The resonance fre- 
Atop th i s  was 
quency of the structure with damping neglected was calculated t o  be 
5 Hz. The damping provfded by the plywood at this frequency 
prevented the observation of any vertical  resonance, however. 
Fig. 3.6 is a photograph of the arrangement. Further isolation was 
achieved by locating the supporting structure i n  a roan apart from 
tha t  occupied by the operator and necessary control and monitor 
equipment 
3.5 The lasers 
The lasers are of standard design and were constructed 
i n  t h i s  laboratory. 
use of external mirrors. 
d,c. discharge. 
direct current as alternating current modulated the discharge and 
hence the laser output. The bore diameters varied fran 1 t o  3 m. 
and the active dfscharge length fran 10 t o  35 cm. depending on the 
cavity length requirements. 
a regulated voltage source, 
surrounded by mu-metal t o  shield it fran the effects of background 
magnetic fields, 
"hey utf l ize  Brewster's angle windows t o  allow 
Ekcitation is provided by a hot cathode 
It w a s  found necessary t o  excite the fflaments by 
The discharge current was obtained fran 
In  addition, each laser tube was 
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Fig. 3.6 P.hotogra.ph of Laser Support System. 
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3.6 The dual cavity arrangement 
A s  indicated i n  section 3-1, the frequency sh i f t  of the 
''test'' laser is measured by optically heterodynEng its output with 
that of a second laser (called the reference laser) t o  generate a 
difference frequency. 
the photograph of Fig. 3.7. The laser tubes are parallel and sepa- 
rated by a distance of l inch. 
1% inches i n  diameter; two, one meter radii of curvature mfrrors i n  
a coIIpIKn mfrror mount at the other end complete the cavity. 
The cavity arrangement employed is shown 3x1 
They ut i l ize  a c m o n  flat mirror, 
The close mechanical coupling of the two laser cavities 
results in an effective increase i n  the thermal and acoustic sta- 
b i l i ty  of the systan; that is, a vibration which affects the length 
of one cavity will t o  a first order affect the length of the other 
one equally. When the two lasers are heterodyned, the difference 
frequency all not c 
vibrations, 
ations i n  output frequency resulting frm thermal causes. 
been detemlned that th i s  cavity configuration reduces the effect of 
such disturbances by a factor of about 3000 [22]. 
The same reasoning also applies t o  the slower vari- 
It has 
I n  order t o  increase the overall mechanical s t a b i l i t y  of 
the m f r r o r  mounts, they were degfgned t o  be massive (about 20 pounds 
apiece ) d t h  no provision for  angular adJustment of the individual 
mirrors. Instead, precisionmachinfng of the mounts was relied upon 
t o  assure approximate mirror alignment, To make any final adjust- 
P 
. 
t- 
M 
. 
ments, a mirror mount was rotated and one e& elevated with brass 
shim stock. 
The discharge tubes, il?dividuafly mounted on m c d i f i e d  
micrcaneter microscope slide adjusters, can be aligned i n  the cavity 
using conventional techniques [23]. 
shultaneously, the test laser tube 1s aligned first (sfice its 
position is fixed by attackrment t o  the vacuum system) by m u s t i n g  
the mirrors. 
tube i n  the cavity. 
location and aligned wfth the flat mirror; the tube is then moved 
s t r ic t ly  perpendicular t o  its axis unt i l  alignment with the curved 
mirror is obtained. 
point, a mirror mount may be rocked slightly arouIlr3. the position at 
which the test laser operates t o  reveal the precise location of 
signal laser operationo Once the beam is found, it is a sfmple 
matter to  obtain sfmultaneous oscillation i n  both cavities. 
In  order t o  operate both lasers 
The reference laser is then aligned by positioning the 
It is first placed i n  an approximately correct 
If any diff icul t ies  are experienced at th i s  
The overall s t a b i l i t y  of the system as described above is 
perhaps best i l lustrated by noting that under typical operating 
condEtfons on a m m l  workday the beat frequency was found t o  d r i f t  
over a frequency range of 91 MHz. i n  a period of two minutes; 
during t h i s  tfme the frequency of each laser shifted by about 20 MHz. 
3.7 Detecting and Measuring the Beat Fhquency 
Following the mdlysfs of Oliver [24], the mechanics of 
the detection process w i l l  be briefly outlined. The canponent of 
the electric field at the surface of the photodetector due t o  the 
ss@;nal laser is equivalent t o  
es(t) = Es s i n  w s t  
s imilarly,  the field due t o  the local oscillator has the form 
eo(t) = Eo s i n  (w0 t t 4 )  
where Q is an arbitrary phase angle included for completeness. 
output f r o m  the detector is proportional t o  the square of the 
resultant electric field or  
The 
2 2 
is = y [es(t) t eo(t)J = 5 [Eo (1- cos 2 M o t )  
L 
Here y reBtes the free space field strength t o  the  current emitted 
f r o m  the photo-sensitive detector and is given by 
where A is the detector area, h is Planck's constant, TI the quantum 
efffcfency o f t h e  detector and Z is the impedance of' free space. 
Since the detector does not respond t o  optical frequencies, the 
4 
4 
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canponents o f t h e  output current due to  us and wo average t o  zero 
leaving 
The a.c, component of t h i s  contributes t o  the signal output; the d.c. 
canponent results i n  the generation of shot noise within the detectm 
With the resultant r .m.s ,  nofse current given by 
-7 2 2 
in = 2 e B r =  e B y (Eo * Es) 
considering only the shot noise, the signal t o  noise ratio,  S/N, of 
t h i s  system with bandwidth B is given by 
Physically, the sfgnal and local oscillator beams are 
cmbined by the beam s p l f t t e r 4 r r o r  cmbinatfon as shown in Fig. 3.3. 
If the difference frequency is t o  be detectable, the relative phase 
difference between the wave fronts of the t w o  beams must not vary 
appreciably over the surface of the detector. This has two 
Smplications: 
ably distorted by interposed opt 
beam splitter, and the angular separation OD between the conponent 
beams must satisfy the equation 
The individual beam wave f’ronts must not be appreci- 
before they ape c6mbined at the 
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For X = 6328 Ang. and a spot size D/2 of 4 me, eD = 2 mlnutes of 
arCoThe alignment is acccanplished i n  practice by sfnultaneously 
superimposing the two beams at the interface of the beam splitter 
and at sane distant point, 
by fbrther adjustment indicated that the alignment performed in this 
manner is essentially optfrraun. 
A t t e r r r p t s  t o  improve the detector output 
The operation of the lasers wfth the perturbation applied 
t o  the piezo-electric element can result  i n  a considerable 
broadening in the width of the beat frequency. 
oscillator is used t o  drive both crystals so that the amplitude and 
phase of the perturbation is identical on each laser, the resultant 
beat frequency linewidth is reduced. 
3.8. 
peak perturbation applied only t o  one lasere 
the beat frequency wfth the sam perturbation applied t o  both lasers, 
The amplitude of that applied t o  the secorxi laser has been "peaked" 
t o  a t ta in  a mfnfinun dispersion, 
"phase locked", the width of the beat frequency would be double 
that  shown in  oscillograph a. This technique thus reduces the beat 
frequency width by about a factor of ten for  t h i s  particular 
perturbation amplitude; carre,rpondfngly, the accuracy with which 
frequency measurements can be made fnproves by th i s  same factor. 
However, if a single 
Thfs is i l lustrated i n  Fig. 
Oscillograph a shows the beat frequency with 100 mv. peak t o  
Oscillograph b shows 
If the two lasers were not thus 
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Fig. 3.8 a* 
with perturbation applied t o  one laser. Sweep 
speed; 20 nsec I, /cm. Dispersicn : 150 kHz e /en?. 
Bat  frequency between two lasers 
Fig. 3.8 b, 
applied t o  both lasers. Sweep speed and dispersion 
same as above. 
Beat frequency w i t h  perturbation 
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model 1L20 
instrument 
referenced 
generator. 
A l l  frequency measurements were made using a Tektronix 
spectrum q l y z e r .  The frequency calibration of t h i s  
was considered unreliable, however, so it was constantly 
t o  a Hickok, model X, crystal control1 ency 
This instrument was previously calibrated against a 
Tektronix time mark generator and found t o  have an error of less than 
3% of that read on the dial fmdicator Over the frequency range 7 - 
70 MHz. and an error of less than 5% for  frequencies below this.  
IV. EXPERIMENTAL RESULTS AND DISCUSSION 
4 , 1  General Results 
The peak frequency shifts of the 6328 Ang. neon l ine 
with changing discharge tube pressure for various combinations of 
helium and neon isotopes are shown i n  Figse 4..L 
representative of a large number of curves which w e r e  obtained. 
They are 
General. characteristics of the curves are: (1) they are 
monotonic, (2) the frequency increases with pressure (a blue shift), 
(3) the magnitude of the slope of the curve (Af/Ap) varies frm 1'7% 
t o  23 MHz/torr depending on the helium and neon isotopes contained 
in the discharge, and ( 4 )  as shown in Fig. 4.2, Af/Ap is 
independent of the helium-neon pressure ra t io  within the llmits of 
error o f t h e  experiment. 
laser peak frequency which were found are: (5) increasing the 
helium part ia l  pressure ( to t a l  pressure constant) increases the 
Some other features associated with the 
frequency, (6) 
current or  (7) 
frequency was a very sensitive fwnction of the laser tube position 
in the cavity with the maxjlrarm frequency shif t  obtained by 
repositioning a. 2 me bore. discharge- tube. be- 25 Mi&. 
no measurable shifts w e r e  found with discharge tube 
intensity of the laser beam, and (8) the peak 
Also, in the course of ' thfs  study the Frequency difference I .  
between the 6328 Ango lines of the Ne2' and Ne22 isotopes was 
measured and found t o  be 930 IVMZ. &th an estimated error of 
36 
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I 
Pressure 
Curve Ratio Af/Ap 
0 9.9:l 20 1/2 
0 8.1:l 21 
5.4:l 20 3/4 V 
1 2 3 4 5 0 
Total Pressure Crorr) 
Fig. 4,2 Center frequency shift w i t h  pressure of the 
6329 Ang. line in neon for various He3-Ne20 
pressure ratios. 
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- + 70 MHz. This compares favorably with the value of 989 M E I Z .  
previously reported [251. 
4,2 Specific details 
The frequencies noted on the vertical  axes o f t h e  graphs 
of Figs. 4.1 do not represent the absolute frequency difference 
between the two lasers; they are completely arbitrary with the zero 
frequency being chosen s t r ic t ly  for convenience. 
regard, no frequency correspondence is meant t o  be implied between 
the curves of the various graphs. Each point on the pressure- 
In  the same 
frequency curves represents an average of five readings; normally 
they fell  within a range of 1 MHz. 
us- a tes t  laser with a tube of l m ,  bore and a reference laser 
with a 1% me bore; each had an active discharge length of 8 an, 
Ih 
The points w e r e  obtained 
and a nominal power output of one milliwatt. 
15 me and each laser was operated fn the lowest order transverse 
mode. The tubes w e r e  shielded frm s t ray  magnetic fields by 
m-metal ~ t h  the insertion o f t h e  shielding causing a frequency 
shift of less than 1 M H z .  
The cavity length w a s  
The frequency difference between the 6328 Ang. l ines of 
the two isotopes of nem exceeded the response of the RCA 6655A 
'This indicates that each laser can be reset t o  WitNn 2% M H Z .  
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photcarmltiplier tube (500 M . )  used t o  detect the beat frequency 
between the two larsers,thZs necessitated the use of a reference tube 
f i l led with the neon isotope corresponding t o  that in the test 
laser. Both refertence lasers were identical except for the neon 
isotope content They were filled. t o  a pressure of 302 t o r r  with 
He 3 and Ne i n  the r a t io  of 8.5 t o  1. 
Because of. the cavity conffguration and the 1% mn. bore 
tube used for the reference laser, diffraction losses for the lower 
order transverse modes were about equal; consequently, the laser 
tended t o  oscil late i n  something other than the lowest order 
transverse mode. To-induce oscillation i n  the desired mode, 
diffraction losses were increased by moving the tube off the optical 
axis of the cavity fi order t o  use the tube w a l l  as an aperture 
stop, The problem was not encountered with the test laser because, 
with a tube diameter of only lm., diffraction losses w e r e  great 
enough t o  prevent oscillation i n  all but the desired mode [ 261 
The sign of the slope of the curves wits obtained by 
determining the relative frequency position of the two lasers and 
relating t h i s  t o  the direction of the beat frequency change with 
pressure. 
determined if the polarity of the piezoelectr ic  ceramic associated 
with it is known (the length of the ceramic may fncrease or  decrease 
with an increase fn voltage depending on polarity)o 
increase 2n ceramic length with voltage, the cavity length decreases 
The relative frequency position of a laser is easily 
Asswnfng an 
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causing the laser frequency t o  increase. 
that the ceramic length increased with voltage, the effect was 
canpared w2th the alteration of the cavity length by the slfght 
motion of a mirror mount. 
interpretation of the slope was obtained when a measurement was 
made of the Frequency difference between the 6328 Ange lines of the 
two isotopes of neon , the result being that the Ne22 isotope had 
the higher frequency as expected. 
In order t o  ascertain 
A further verification o f t h e  indicated 
#€ 
The effect of changirg the par t ia l  pressure of helium in 
the gas was determined by adding additional helium t o  the laser 
after the last point had been recorded at the low pressure end of 
the curve. 
frequency compared t o  that obtained prevfously at the same pressure, 
In every case the frequency increased s l igh t ly  with the increased 
p a r t i a l  pressure of helium as canpared t o  that obtained previously 
at the same total  pressure. 
The new t o t a l  pressure was measured and the beat 
No precise measurements were able t o  be 
made although indications are that doubling the helium part ia l  
pressure increased the peak frequency of the laser by about 4 MHz. 
for identical. total pressurese 
i f  the frequency shift were proportional only t o  the par t ia l  pressure 
Thfs value is w h a t  would be expected 
In  making this measurement, the frequencies of those par ts  of the 
intensity curves having a zero slope were obtained and the results 
added fn an appropriate fashion. This allowed the determination of 
the fsotopfe frequency difference without exceed- the frequency 
response of the detector. 
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of helium. originally,  an attempt was made t o  obtain pressure- 
frequency curves for various He3-Ne2' par t ia l  pressure ratios 
ranging fl.om 5:l t o  1l:l; however, the peak frequency of the 
reference laser changed sufficiently krrm one test t o  another 
(because of randan motions of the laser tube) t o  eanpletely mask the 
sought-after differences. In fact, curves representing the same 
partial  pressure ra t io  could not be reproduced except for the slope, 
They always showed a randan shfft parallel t o  the frequency axis. 
FQ. 4.2 shows a series of three curves for various pressure ratios 
of He3-Ne2' taken several hours apart, The data points on the graph 
represent the heterodyne frequencies actrually measured; the zero 
frecLzrecjr position was not shifted here as it was for Ffgs. 4.1. 
The c w e s  me indicative of the randm shirt i n  frequency with 
partial  pressure ratios which were found. They are of further 
interest, however, i n  that they showthe slope Af/Ap is fisensitive 
t o  the par t ia l  pressure of the gases within the lfmits of error of 
the experiment. More wil l  be saSd on th i s  later. 
& 
The effects of residual impurities in the gases a d  
unavoidable ContamSnants fram the vacuum system were measured by 
noting the frequency before and after the vaporization of a barium 
getter i n  the tube after it was filled with a new charge of gas; no 
I 
h e  He3, Ne2* and Ne22 w m e  p chased fran the Monsanto Research 
Gorp., Mfamisburg, Ohio; the HP, frcm the Lfnde Coo, 
Tonawanda, New YoraC, 
! 
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discernible difference in frequency was found. 
The laser peak frequency was found t o  be a sensitive 
flanction of the distance between the optical axis of the cavity and 
the axis of the discharge tubeP An effort  was made t o  measure the 
shift  i n  f'requency per unit distance of movement of the l m n ,  bore 
laser tube transverse t o  its axis, but because of the close 
alignment tolerances on the system the tube could only be moved a 
maximum of 0-2 mn, 
allow sane rather qualitative conclusions, however. Ini t ia l ly  the 
axes o f t h e  tube and cavity were rendered approximately coincident 
by peaking the output power; as the axes were separated, the peak 
frequency of the laser was found t o  increase. Movement of the tube 
O . l m m o  off center increased the frequency fn excess of 20 MHz. 
Further movement of the tube fafled t o  produce reliable data because 
of diff icul t ies  in maf.ltafning the Lamb dip. A 3 m. bore tube with 
a 10 cme active discharge length w a s  constructed in order t o  obtain 
more quantitative results on the frequency shift; with tube position. 
With t h i s  tube it was found necessary t o  place a 1% mn, diameter 
aperture stop adgacent t o  the spherical mirror t o  prevent transverse 
modes other than the lowest order one fran oscillating, Because of 
the diffraction losses fiduced by the stop, the tube could be moved 
A sufficient amount of information was gained t o  
a max&num of 0,4 mm. off axis before laser action ceased, It may be 
noted parenthetically that .the laser intensity was very weak because 
of the large bore aad short length, Data was taken using He and 
Ne*' in a 10:l mixture with t o t a l  pressure of 1% t o r r  and also i n  an 
3 
47 
8:l mixture with a 2 t o r r  t o t a l  prpessure. Measwement of the 
frequency shift along the diameter of this tube yielded a nul l  
result within the lfnfts of accuracy of the data obtained. The 
conclusions which may be drawn fkom this lfnfted amount of data are 
that the peak frequency shif't.due t o  discharge tube movement is 
small near the center of larger bore tubes, 
tubes, the effect is quite significant, 
In smaller diameter 
In the course of making the above tests on the 3 m. bore 
tube, it was obserued<.that the laser beam Intensity was also a 
function of radiusmd varied by at least a factor of two. Since 
the peak frequency did not vary with position i n  this case, the 
conclusion is partially substantiated that it is independent of 
laser power, A -her fact  supporting t h i s  position is that  the 
beam intensity w % e d  with discharge tube current yet no frequency 
shift w a s  observed. 
semultaneowlx I (*beam intensLty and electron density) but it is 
heghly unUkely that each would exactly counteract the other t o  
produce the observed null  result .  
Admittedly, two*parameters w e r e  changed 
_A final phenanena.whfch was noted i n  the course of this 
study is that the mgn%tude of the slope Af/&p was also dependent 
on the bore diametxr-of'the discharge tube, The slope measured i n  
He3-Ne2* in Ghe L.m, tube was about 20 m../torr. Less extensive 
data i n  a tube of 1% me diameter fndicated a shift of about 
18 MHz./torr, 
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4.3 Factors Affecting the Peak Frequency of the Atr;enic Transition 
The shift  in frequency of spectral l ines i n  discharge 
tubes is a much studied phencnnena (see for instance references 27 
and 28). A l l  of the ,existing theories are, however, very complex 
and, at best, are able =bo provide only qualitative agreement with 
experiment. 
understanding of the atcpnfc interaction forces for the excited states 
This is due primarily t o  diff icul t ies  i n  developing an 
involvedo 
particular small angle or  "soft" collisions) are chiefly responsible 
for the observed shifts, and that the magnitude of the sh i f t  is 
proportional t o  collision frequency. 
In  essence the theories assert that collisions (in 
Assuming that collisions are responsible for the observed 
shift in  frequency of the 6328 Ango neon l ine i n  a laser tube, 
several likely collision processes with the neon excited state are 
immedeately evident as possible explanations. They are: 
. *  
* * 
(1) N e  + e + N e  + e + @  
' ' 
(2) N e  + Ne + Ne + N e  9 1IE 
(3) Ne' 9 He' (2%) -c Nec 9 He* (2%) t AE 
(4)  Ne' + He* (z3S) + Ne* + He* (Z3$) 9 bE 
(5) Ne* + H e  + N e  + He 9 AE @ 
Jc 
where Ne represents neon i n  the excited 3s2' state, e an electron, 
-. 
t 
Paschen notat ion 
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Ne a ground state neon atm, He @ l  (2 S) a metastable helium atom i n  
1 * 
the 2 S state, He (z3aS) a metastable helium atcm i n  the Z3S state, 
He a ground state helium atan, and BE the change in energy of the 
excited neon atan which takes place as a result of the encounter. 
The populations of any other excited states are presumably not 
great enough t o  seriously perturb the lasing transition and may be 
neglected. 
With regard t o  process (1); it is known that the average 
electron density is proportional t o  discharge current [ 291 and the 
average electron temperature is largely independent of current [30] 
i n  the region of interest  here. Because the collision frequency is 
proportional t o  density and temperature, an Increase i n  discharge 
tube cur*rent should be accorrrpanied by a shif t  in  the peak frequency 
of the laser. 
discounted. 
red sh5.f'lt with increasing pressure of the 6328 Ang. l ine i n  a pure 
neon discharge is attributed t o  thfs  mechanism [31]. 
Since no such shift is found, t h i s  mechanism may be 
Concerning collisions with the ground state atam, the 
It seems 
likely that this sane red s h i f t  would be observed, despite the 
presence of helium i n  theadischarge, if t h i s  were the dominant 
shif'tfng mechanism, 
too, may be discounted, 'Processes (3)  and (4) may be treated 
together as will becme apparent. 
excited pr5marily by collisfons withielectrons and t o  amuch less 
extent by cascade from upper l y h g  excited states. White and 
Gordon [32] have experimentally verified the current dependence of 
Sfa?ce a blue sh i f t  i s  observed, this process, 
Both metastable helium levels are 
Y 50 t 
1 the 2 S metastable population i n  a helium-neon discharge tube. Since 
the excitation mechanisms for both metastable levels are essentially 
s M l a r ,  it seas reasonable to  ascribe t h i s  type of dependence t o  
the 2 3 S level as well. Hence, i f  either process (3) or (4) is 
responsible for  the s h i f t ,  the peak frequency should be sensitive t o  
current, Again, this is not found t o  be the case. Concerning 
process (5), collisions between the excited neon atan and ground 
state helium atans, there is sane evidence which suggests that t h i s  
mechanism is responsible for the observed f’requency sh i f t s .  Namely, 
that increasing the helium part ia l  pressure i n  the laser tube 
increases the laser peak frequency. A similar increase in peak 
f’requency with the addition of helium has been found i n  the spectra 
of alkali atans by others 28, 331; it is attributed t o  repulsive 
forces between the two interacting bodies. A further observation 
is necessary on this mechanism, however, Lindholm’s theory of 
spectral 1- widths and shifts [271 predicts that, for low 
pressures, the f’requency shif t ,  f, should be proportional t o  the 
par t ia l  pressure of the perturbing gas and related t o  the average 
relative velocity 6 v > between the perturbing and perturbed 
particles; that  is 
3[5 f “PHe v > 
Letting K represent the helium-neon pressure ratio,  it is easily 
shown that 
. . .. 
51 
where A- p 
A f / A p  for  
(4.1) 
represents the change in total pressure. Allowfn@; S = 
convenience, the r a t io  of slopes for  the two pressure 
ratios, tcl and K*, is found t o  be 
Here, the ra t io  of velocities has been set equal t o  one because the 
change in relative velocity between colliding particles due t o  a 
change in pressure ratio is negligible. Thfs relation shows an 
increase in slope of about 10% upon alteration of the gas ra t io  
fran 5:l to  lO:l, or a slope change fran 20 MHz./torr t o  22 M H z . /  
t o r r  for the He3-Ne20 mixture. 
such a change has not been found although the accuracy of the 
experiment was marginal for its detection, 
least consistent with the above related facts t o  ascribe the 
observed blue s h i f t  t o  collisions between the excited neon and 
ground state helium atans. 
Reference t o  Figo 4,2 shows that 
In conclusion, it is at 
It is possible t o  make some observations on the velocity 
dependence of equation 4.1 by considering gas mixtures having the 
same part ia l  pressure rat ios  but usfig different isotopes of helium. 
Again taking the ra t io  of slopes, it is no longer possible t o  set 
the ra t io  of relative velocities equal t o  one. It may , however, be 
c 
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sfmply determined with 
as particles with zero 
less than 5% error by treating the neon atans 
velocity. With the assumption that the gas 
temperature in mixtures containing different isotopes of helium is 
approximately t h e s e ,  the ra t io  of velocities is found fram the 
consemtion of energy principle t o  be v1/v2 = (m#nl)'; here, vi 
is the velocity of a particle with mass mi. !Ihus, the ratio of 
slopes for the same pressure ra t io  but different helium isotopes 
approximately given by 
C a n p a r i n g  this value with that measured, it is found that for  
mixtures containhg Ne2' the ra t io  of slopes is 1.1 w h i l e  for  
mixtures containing ,Ne22 the ra t io  of slopes is - 1.3. 
In  the course of this investigation, it was thought that 
perhaps the collision probability between the interacting particles 
was inf'luencing the slopes-of the curves for the varfous isotopic 
mixturesa This may be seen be recognizing that the Prequency shift 
is proportional t o  a probability of collision, Since the collision 
is of a resonant type, the probability is in turn related.to the 
difference fn energy between the helium 2 1 S and the neon 3S2 levels 
- a difference wMch changes-with the various canbinations of 
isotopes,. Calmlatiom using the known differences in energy 
between the-various isotopes show, however, achange i n  slope which 
is very much less than the observed value, The relatively strong 
dependence of the @ m e  slope probably p r e % i t s  the observation 
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of any effect of the probability. 
A major weakness of the collision theories is that they 
fail  t o  account for the dependence of the peak frequency on the 
discharge tube position i n  the cavity. In an effort  t o  explain this, 
as w e l l  as other observed phenomena, Mayer [ 341 has proposed that the 
electric fields generated by ambipolar diff’iasion are responsible for  
the frequency sh i f t s  through the mechanism of the Stark effect. 
Using simple charged particle dfffllsion theory i n  the positive 
column of the gas discharge coupled with the second order Stark 
effect, he arrives at a value for the frequency shif t  fmm l ine 
center given by 
6 2 f = -il 2,8 x 10 (Tern) T-I 
where 
Te is the electron temperature i n  units of LO e.vo, R the radius of 
the discharge tube fn me, and r is the distance f r o m  the tube axis. 
Jo and J1 are the zero and first order Bessel functions. WithoGt 
p e r f o m  any numerical calculations, the u t i l i t y  of the above 
theory may be determined by inserting into equation 4.2 w h a t  is 
hm of the electron temperature variations in  the helium-neon 
laser discharge and canparing the predicted and observed fpquency 
shift. A s  noted previously, the electron kemperature is independent 
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of the electron density, no frequency change is predicted with 
discharge current3.n conformity wfth what is observed. An increase 
in  gas pressure decreases Te [30] resulting in an increase in 
fkequency as is measured. However, it is known that the electron 
temperature increases with increasing helium partial pressure (351 
and t M s  would cause.the Erequency t o  decrease which is contrary t o  
w h a t  is observed, 
f'requency shift with position.of the Laser tube i n  the cavity. 
M g .  4, .3shows the flznctioml dependence of r\ on r and indicates 
that  a decrease i n  frequency would be observed as the beam 
approaches the tube w a l l  whereas an increase i n  f'requency is actually 
measured: A few other eresting properties of equation 4.2 
A f'urther inconsistency lies in the predicted 
should be menbioned. A gas d f s c h q e  corkaiming He3 has a hQher 
4 electron temperatikare-than an equivalent discharge containing He 
1363;  consequently, the pressure-frequency curve of the discharge 
containing the.fomer isotope w i l l .  have the greater slope again In 
confomity wlth w h a t  is observed. F2naU.y we may note that f has 
an inverse dependence on the radius of the discharge tube. The 
\ 
elecbmn temperature is also dependent-on the tube radius; 
fortunateu, it decreasesmith increasing radius so that we are 
able t o  make the qualitative observation that the slope of the 
pressure-frequency c m  w f l l  decrease with increasing tube diameter. 
Neglecting the effect o f t h e  tube radius on the electron temperature, 
the ra t io  of slopes Sl/S2 for two tubes of radii R1 and % is found 
&an equation 4,2 t o  be 
12 
IO 
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Pig. 4 . 3  The functional dependence of TI on r . 
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Using a slope of 20 Mhz./torr for  Sl wfth a tube radius of R1 = 4 mn., 
a radius R2 of .75 m. gives a value for  S2 of 9 MHz./torr which is 
less than the measured value by a factor of two., Consideration of 
the electron temperature w i l l  lower t h i s  value of S2 still further. 
In conclusion, though the theory offers some interesting insights 
into the possible mechanisms controlling the frequency of the laser, 
the fnconsistencdes between f t  and experhental observations are 
sufficient t o  warrant further study of the problem. It is well t o  
member, however, that it is presently the only theory which 
predicts a frequency variation wfth radial position or tube radius, 
4.4 Canparison with other work 
The results obtained for  the frequency shifts with pressure 
in this work are not in agreement w i t h  those obtained by Bloom and 
Wright [ 371 
measured a red shift of approximately -20 MHz./torr. 
pressures of 2 t o  2.5 torr ,  the shift: reaches a m a x W  and then 
reverses directian, It may be noted that they determined the sign 
o f t h e  slope, not by independently cmpressirg the laser cavity but 
by observing the effects of the movement of the piezo-electric 
ceramic which may either expand or  contract with the application of 
a voltage. 
polarity is known). 
In the pressure range between 3 and 4 torr ,  they 
A t  lower 
(The slope @ m o t  be determined unt i l  the ceramic 
The magnitude of the frequency shift above 3 
c 
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torr approximates that obtained here, the work having been done i n  
6he same diameter- tube (1 mn. ) 
shift with increasing helium partial  pressure obtained by them may 
be adequately explained by the discharge tube shinhg its position 
slightly in the cavity ( 5  .05 mn.) between successive curves. 
The apparent randan f'requency 
The blue s h i f t  obtained here is i n  conformity with the 
results obtained by White 1311; however he measures a frequency 
sh i f t  i n  a He3-Ne2' gas mixture of about 18 MHz/torr i n  contrast 
t o  the 20 MHz/torr obtained here. A possible explanation for this 
is that a laser tube with a bore diameter different rrOm 1 m .  may 
have been used (the tube diameter was not specified i n  the report). 
A s  indicated previously, larger discharge tube diameters produce 
smaller slopes 
. 
CHAPTER v 
CONCLUSIONS AND ~OMMl3NDATIONS FOR F'WtEER STUDY 
In s-, the center frequency of the 6328 Ang. helium- 
neon laser is found t o  be significantly affected by gas pressure 
and (for small bore tubes) the pos5tion of - the  laser tube i n  the 
cavity. 
pressure ratios and isotopes-of gas contained i n  the discharge. 
A further influencing factor is the discharge tube bore size, the 
increase of which appears t o  decrease the slope of the pressure- 
frequency curve. Frequency shifts ranging from 17 1/2 t o  23 MHz 
per torr,  depending on the. isotopic content,.were found i n  1 rrxn. 
bore discharge tubes; they are sunanarized i n  Table I. The slopes 
of the curves were independent of the.partia1 pressure ratios of 
the constituent gases. -The frequency shift produced by lateral 
motion of the laser tube was found to.be about 20 MHz per 0.1 mm. 
for  a 1 m. bore tube and negligible over a distance of * 0.4 m. 
from the center of a 3 m. bore tube, 
essentially independent of current. 
It is affected t o  a.lesser-extent by the helium-neon 
The peak f'requency w a s  
In addition, the f'requency 
difference between the 6328 Ang. lines for the Ne2' and N e  22 
isotopes has been remeasured and found t o  be 930 * 70 MHz. i n  
conformity with that already reported. 
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Table I. The slopes of the presswe-frequency curves i n  MHz./torr 
for-various combinations-of-He and Ne isotopes. 
In  consideration of this.information, a laser serving 
as a frequency references-should~utilize a discharge tube with a 
large bore. 
quency may be difficult  to”r&ntain because o f  the effect of 
“gas clean-up” on the pressure and- composition, of the gas i n  the 
discharge tube [38]. 
He  and Ne22 isotopes 9n the  dlscharge (this combination of gases 
has the smallest value of Af/Ap) and increasing the volume of the 
gas by means of an auxiliary chamber attached t o  the tube. These 
alternatives are adverse t o  high power output from the laser (gain 
In view of the pressure-shirts, a precise laser fre- 
These, can be- mtnfmfzed, however, by using 
4 
decreases with increasing tube diameter and the use of He 3 i n  the 
discharge increases power by 25%) so that they must be weighed 
against the ultimate needs of the device. 
calculation shows that i n  order t o  maintain a frequency s t a b i l i t y  
of l o l o  which is consistent with the capabilities of the electronic 
frequency control system, the discharge tube pressure must be 
maintained within a tolerance of less than ,003 torr and the dis- 
charge tube position (for the comnly  used 1 m. tube) must be 
Finally,  a simple 
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maintained t o  within 0.25 microns, 
Mechanisms possibly responsible for  the observed fre- 
quency shifts have been investigated. 
excited neon atom and ground state helium atoms appear t o  be the 
most l i ke ly  cause of the frequency shift with pressure. 
l ision phenomena is i n  no way able t o  explain the observed fre- 
quency shifts as a function of radius i n  a discharge tube, however. 
It has also been shown how electric fields caused by ambipolar 
Collisions between the 
Col- 
diffusion m y  cause frequency shifts through the mchanism of 
the Stark effect. H e r e  again, some basic inconsistencies ex i s t  
between the  predicted and observed phenomena. 
this phase of the study is that present theory is not w e l l  enough 
developed t o  predict the observed phenomena. 
The conclusion of 
Several phenomena revealed i n  the course of this work 
are i n  need of mther investigation. 
the 6328 Ang. transition has been found t o  be a function of radial 
position i n  the discharge tube; thfs  should be studied further as 
a function of both gas pressure and discharge tube diameter with 
the hope of shedding some light on some of the basic mechanisms 
occurring i n  the discharge. 
needed on the effect the discharge tube d i e t e r  has on the slope 
of the pressure-frequency curve. 
The center frequency of 
To this end, also, further study is 
APPENDIX A 
DERNATION OF A CONfRoL SIGNAL FFOM TKE GAIN CUKVE 
One method of frequency stabilizing the helium-neon gas 
laser uses the bottan of the Lamb dip as a reference. An error 
signal is derived by perturbing the laser frequency, this produces an 
amplitude modulated beam which is then canpared i n  phase wfth the 
perturbation, 
The Lamb dfp is essentially a Lorentzian hole i n  the peak 
of a Gaussian gain curve 1 39, 401 The dip is primarily due t o  
pressure effects and hence is much narrower than the Doppler 
broadened gain curve, thus the effect of the Gaussian may be 
neglected i n  t h i s  analysis. A Lorentzian curme has the form 
a 
x + a  
I(x) = - c \'Ly 
where I is the intensity, a is related-to-the-Mf.width, c is 
sane constant and x =' v - vo where- vo is. the peak (or dip) frequency 
( th i s  transformation is equivalent tomaking x = 0 the peak 
frequency). Suppose -now a sfnusoLdal .perturbation of amplitude x1 
and frequency w is applied around sane arbftrary point xo, or  
x = xo + x1 s i n w t  
The time dependence%-of the amplitude -thus.-takes the form 
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for  small excursions about the peak frequenw, a->> x and x may be 
neglected i n  the denominator. 
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Cambiningequations:l and 2 gives 
- d1 = ca-3 (2: x x COEWt 4. wxl 2 sin 2wt) 
dt 0 1  
The second - & ~ c  ,content may -be';filtered- out-ppl:the signal so 
that we*are.lef'tbwf~h t e tom, 
where k = ~ C X ~ U E L - ~ ~  ' The-above relatkmshfp emphasizes the 
equ ieence  of f xo t a  a value for  + of 0 or  B respectively. Thus 
the distance m t h e  peak is detenined by-the amplitude o f t h e  
intens2ty mdalatfon:wh€le the side of the Lorentxian at which the 
laser .operates is determine 
modulation with that of -the input signal. -These provide all the 
necessary inf'omation for  the. control system. 
t 
Under cond2tions, snftabie.for fkquency stabilized laser operation, 
the Lamb dip has a Aril width at half max- of approximately 
400 MHz. whereas the value of x1 is of ' the order of 1MHz. so that 
t h i s  is a valld approximation, 
A block diagmm-oP t h e  laser -f+.requeney. control unit is 
illustrated i n  Pig, 3e4 .  The 5 me, osc$llator fkequency modulates 
the laser by varying the lengkh-0f.a pieeo-electric ceramic t o  
which one of the laser mirrors is ~attached; The resulting amplitude 
modulated laser -beam is .detected .by-:a l3tmmt 6467 photomultiplier. 
After amplification by the 60 db, gain, 4 kHz:bandwidth tuned 
amplifier, the signal is fed; along w2th an output fran the oscil- 
lator,  i n t o t h e  phase detector. The output of the detector, as 
monitored by ’the peak frequency indicator, reveals the location 
on the gain curve at which.the laser operates. The laser frequency 
control is ‘simply a’source of w e l l  filtered.variable d,c. voltage 
used t o  bias-the;p%ezMlectric crystal allowing adJustment of the 
cavity length. The complete circuitry -is shown in .Fig. B-1. 
most efficient operation of the phase detector, the peaks and nulls 
of the two input signals should coincide. 
established by phase shfft3ng the signal f’rcxn the p h o t m l t i p l i e r  
tube with the 7~ type LC network between the twu tuned amplifier 
stages. 
For 
The cofncidence is 
The circuitry is otherwise self-evident, 
In actual operation, each laser is m u a l l y  tuned t o  its 
center frequency by adjusting the length of the cavity unt i l  a zero 
output’is obtained f’rm-the peak frequency indicator which is a 
25-0-25 micrometer, A study of the gain curve pictured i n  Fig. 3.2 
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indicates that at least three null  readings w i l l  be generated as 
the laser is tuned across the gain curve, one for each peak and one 
at the central dip, the central. one being, of course, the desired 
null. 
correspond t o  the slope of the galn curve (positive output for 
positive slope) the proper nul l  w i l l  be indicated by the meter 
needle passing through zero frcan left  t o  right as the laser 
frequency is increased, the converse indicating a peak. The po- 
larity of the phase detector may be tested by decreasing the gain 
of the laser unt i l  the Lamb dip disappears and then tuning across 
the gain curve, only a nul l  corresponding t o  a peak w i l l  be detected 
and this may be correlated -with the micrometer movement. 
Since the output of the phase detector can be made t o  
APPENDIX c 
D-ATION OF HGNE PRESSURE RATIOS 
The experbent necessitated the use of helium-neon gas 
mixtures with accurately known partial  pressures. The pWicu la r  
design of the gas handling system and the use of the Mckod gauge t o  
measure pressures requiredthe use of a special technique t o  measure 
these. It is  easily explained with the aid of the schematic diagram 
of Fig. C-1. The system is assumed evacuated and all valves closed. 
Valves B and C are opened and neon gas is admitted fram the supply 
t o  the approximate pressure as noted by the Pirani gauge attached t o  
the mixing chamber. 
open t o  evacuate the manifold section of the system. 
measurement is made with the Mckod gauge, then it too, is evacuated 
by opening valve A. 
the mixing chamber unt i l  the approximate proper pressure is regis- 
tered by the P i r a n i  gauge. Now valve B is opened admitting the 
helium-neon gas mixture t o  the;McLead gauge where a measurement can 
be made., The gas pressure originally i n  the mix- chamber can then 
be ccgnputed i f  the ra t io  o f t h e  volumes the gas occupies before and 
after valve B is.opened is known. This rat99 has been computed with 
the aid of the expression 
Valves B and C are then closed and valve F 
A pressure 
With valve F closed, helium gas is bled into 
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where VI is the volume of the Mckod gauge, V2 the volume o f t h e  
mixing chamber, Pi the i n i t i a l  pressure i n  the mixing chamber, and 
Pf the final pressure in  the McLeod gauge-mixing chamber cornbination. 
A series of tenmeasuremenbs were taken o f t h e  pressure ratios and 
the results averaged 60 obtain a value for k of 1.76. 
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